1 Supplementary methods
Datasets used for construction
The following three sequencing datasets were used to build the HuRef gold set:
• Original Sanger reads from [1] , 11,541,781 paired-end reads and 8,859,230 single-end reads totaling 27,967,512,620 bases (9× coverage)
• 100× coverage 2×100 bp Illumina sequencing, 150 bp mean insert size, 1,607,313,294 paired-end reads
• 40× coverage 2×100 bp Illumina sequencing, 350 bp mean insert size, 640,288,290 paired-end reads
We performed Illumina sequencing of HuRef due to a lack of freely available short read sequences for HuRef. This set of reads is only minimally used in the construction of the gold set (see Sections 1.2.3 and 1.4). Hence, we encourage researchers to use these reads to call variants for validation with our HuRef gold set.
Structural variant gold set
We constructed the structural variant gold set by first extending the SVs from [2] with additional SVs from split-read analysis of the Sanger reads and then refining the SV set using computational validation. We used newer versions of BLAT [3] and BWA-MEM [4] in combination with hard filters to detect split reads that were indicative of large SVs. Splitread alignments were found by first aligning all the Sanger sequences with both BLAT and BWA-MEM. BLAT alignments were processed with a split read detection tool [5] . Splitreads from BWA-MEM alignments were extracted with a custom script. These split-reads represented evidence for either insertion or deletion SVs, which were additionally filtered to exclude sequences spanning gaps in the reference assembly. The remaining SVs were then merged with the SVs from Pang et al. and this extended set was refined by retaining SVs which were validated using two or more of the following validation criteria:
• At least one Sanger read is concordant with the SV junction breakpoint
• At least two Illumina reads (from the entire 140× set) are concordant with the junction breakpoint
• At least one discordant Sanger read pair supports the SV
• The SV matches a variant in DGV (excluding Venter SVs) with 90% reciprocal overlap (only used for deletions)
The above construction methodology should exhibit minimal bias towards short reads since the extended set is constructed solely from Sanger reads.
Split-read analysis
Split-read alignments from BLAT are generated by first running BLAT with parameters -fastmode -tileSize=18. Then the resulting alignments are processed with a split-read analysis tool [5] . The parameters used for the tool were:
min-supported reads = 2 min-max-centerness = 10% calcAlnRatioThreshold = 0.5 (for deletions) calcAlnRatioThreshold = 0.0 (for insertions)
Hard filters were applied to improve the reliability of the BLAT split-read alignments:
• Mate of read, if available, is aligned with correct orientation
• Mate of read, if available, is aligned within 10 Mb on the same chromosome
• The size of longest single split on the read is greater the half the size of the sum of all splits
• Each of its supporting read segments have more than half of its length covering unique regions. wgEncodeCrgMapabilityAlign100mer (from UCSC) is used to determine uniqueness for segments greater than 100 bp, wgEncodeCrgMapabilityAlign36mer (from UCSC) is used otherwise.
Only split-read alignments passing all filters were accepted. Split-read alignments were also generated from BWA-MEM alignments. For reads spanning a large SV, BWA-MEM will split the alignment into primary and supplementary alignments. A custom script was used to extract reliable split-reads from such alignments. BWA-MEM is run with parameters -a -M. Split-read alignments from BWA-MEM were required to pass the following filters:
• (Deletion only) SVs do not cover an assembly gap in the reference genome • Mapping quality score of 60
• (Deletion only) Split segments cover more than 80% of read sequence to ensure more reliable end-to-end alignment Shorter SVs may be aligned as part of the CIGAR string rather than a split-read. These were accepted based on the following filters:
• Minimum aligned read length of 100 bp (excluding the insertion length for detecting insertion SVs)
• Mapping quality score of 60
Similar to BLAT split-reads, some hard filters were applied to the resulting split-read alignments:
• (Deletion only) SVs do not cover an assembly gap in the reference genome
• Length less than or equal to 1 Mbp
• Each of its supporting read segments have more than half of its length covering unique regions -wgEncodeCrgMapabilityAlign100mer (from UCSC) is used to determine uniqueness for segments greater than 100bp, wgEncodeCrgMapabilityAlign36mer (from UCSC) is used otherwise
Finally, a non-redundant SV dataset was generated by merging breakpoint resolution SV calls from [2] and the intersection of SV calls (>50% reciprocal overlap) from the two splitread methods above with at least two reads supporting. Split-read SVs were added if there was no overlap to previously reported SVs from [2] .
Generation of large insertion contents
In order to perform junction mapping for large insertions, known insertion sequences were required. However, only insertions found by assembly comparison in [1, 2] have known insertion sequences.
Thus, to generate additional sequences for the remaining insertion SVs in the HuRef gold set, we took advantage of the assembled HuRef contigs to find the insertion sequences. We aligned flanking sequences (500 bp) on each side of insertion to HuRef and its unplaced contigs. We then extracted the reference sequence contained within the two alignments if the following criteria were satisfied:
• Both flanking sequences are aligned on the same chromosome or unplaced contig
• Flanking sequences are both aligned on the forward strand
• Detected insertion sequence should be the same length as the reported insertion length Insertions SVs where no associated insertion sequence could be found are removed from SV gold set.
Junction validation of structural variants
Junction validation is the procedure where we look for reads that are consistent with the SV junctions. For instance, if a deletion SV is real, there should be some reads that align across the split with few edits. Similarly, for insertion SVs there are two junctions to verify.
In order to perform junction validation with short reads, a BreakSeq junction library for deletion and insertion SVs were generated using a 100 bp flanking sequence. Breakpoint sequences mappable to hg19 or any other junction sequence are excluded. BreakSeq2 [6, 7] was used to perform the junction mapping.
BreakSeq2 could not be used for junction mapping of Sanger reads since it is not compatible with long reads. Hence, we used a custom script. Firstly, sequences around each SV region are recorded:
• Deletions: Concatenate 1000 bp on each side of deletion SV
• Insertions: Concatenate 1000 bp on each side of insertion SV and insertion sequence
We call this the junction library. Sanger reads were then aligned to the junction library as well as hg19. An alignment was accepted if it passes all of the following filters:
• Covered at least 50 bp on each side of the junction
• Greater than 80% of read was aligned
• Less than 10% edit distance
• Total length of indels in 10 bp window around SV junction point <2% of SV length. This is to allow for possible novel sequences near the SV junction.
Validation of structural variants via paired Sanger reads
The median and median absolute deviation (M AD) are estimated based on the fragmentsize distribution of reliable paired alignments for each Sanger sequencing library. A reliable paired alignment satisfies the following:
• Read and its mate are aligned on the same chromosome with consistent strand
• Mapping quality of 60
• At least 80% of read is aligned
• Aligned sequence is at least 100 bp
We estimate the standard deviation as 1.4826 × M AD. A paired alignment is discordant if its insert size more than three standard deviations away from the median.
Validation via DGV
DGV [8] is not used to validate insertions since most of the insertions in DGV do not have exact breakpoints and sizes. For deletions, a 90% reciprocal overlap is required for validation. We removed all SVs reported by [1, 2] from DGV.
No structural variant region
In order to assess the accuracy of SV-calling, we identified regions of the genome unlikely to have a true SV. These are regions with high coverage of trimmed Sanger reads showing no evidence of SV. Reads were trimmed with an implementation of PHRED's [9] trimming algorithm with PHRED score cut-off of 20. We call these the "no structural variant regions" (NSVR). A location in the NSVR must satisfy the following criteria:
• Covered by at least 5 Sanger reads
• No soft clipping within 50 bp window around location for each read
• Less than 3 edits in the 50 bp window around the location for each read 
Small variant gold set
Variants in the HuRef small variant gold set were generated by processing reads from the two sequencing technologies (Sanger and Illumina) using three popular tools (GATK's HaplotypeCaller, FreeBayes and SAMtools mpileup). As indicated in the main text, the idea behind this is to obtain a high confidence set of small variants. The following are the detailed steps involved in this process:
1. The reads were aligned using BWA-MEM (version 0.7.5) to Human Genome Reference build 37 with the decoy sequence.
2. The read alignments were processed using the following GATK tools -IndelRealigner to improve the alignments, followed by BaseRecalibrator to improve the base qualities.
3. The recalibrated alignments were processed by each of the three aforementioned smallvariant callers. In case of GATK's HaplotypeCaller, variant quality scores were recalibrated using the VQSR step. The recommended best practices were followed for running the GATK tools. The version 138 of the dbSNP build was used for all the GATK tools.
4. Each variant caller output was left-aligned to make the outputs consistent as much as possible and also enable checking for common variants across tools.
5. GATK's CombineVCFs was used to merge the six sets of variants in order to enable generation of common variant sets. The -genotypeMergeOptions UNIQUIFY option was used to ensure the genotype information from each variant set was not lost.
6. The combined variant set was analyzed to select the set of SNVs and indels which called by two different variant callers for multiple sequencing technologies. Each variant was analyzed and variants consistently called across multiple variant sets were included in the gold set -this means that either the variant was not called in a variant set or it had the same type across multiple sets. 
Library Preparation
To fragment DNA, 1 µg of genomic DNA was first mixed with 2 µl of 10× fragmentation buffer and 2 µl of 10× BSA on ice for 5 min before adding 2 µl of NEBNext dsDNA fragmentase (New England BioLabs, Ipswich, MA). The reaction was incubated at 37
• C waterbath for 20 min and was stopped by the addition of 5 µl of 0.5 M EDTA. Fragmented DNA was then purified with 45 µl of AMPure XP beads per manufacturer's instructions (Beckman Coulter, Brea, CA), and the DNA was finally eluted in 50 µl of 10 mM Tris-Acetate (pH 8.0). To increase the diversity of the fragmented DNA, six independent DNA fragmentation reactions were performed in this experiment. The size distribution of DNA fragments from each reaction was analyzed using the Agilent 2100 Bioanalyzer prior to library preparation.
Libraries were constructed using the KAPA Library Preparation Kit (KAPA Biosystems, Wilmington, MA). Briefly, 200 ng of fragmented DNA from each reaction was first endrepaired using KAPA End-repair enzyme and E. coli Before adaptor ligation, equal molar of these two adapters were annealed in a beaker with approximately 400 ml boiling water for 5 min, followed by slow cooling to room temperature. After adaptor ligation, DNA was purified with two rounds of AMPure XP beads and DNA concentration was measured by using the Qubit dsDNA High Sensitivity Assay Kit (Life Technologies, Carlsbad, CA). A total of 50 ng of DNA was then amplified with the KAPA HiFi DNA polymerase for 5 cycles under the following conditions: initial denaturation at 98
• C for 45 s, 5 cycles of denaturing at 98
• C for 15 s, annealing at 60
• C for 30 s, and extension at 72
• C for 45 s, followed by a final extension of 1 min at 72
• C. The TruSeq PCR Primer 1 AATGATACGGCGACCACCGAGAT and the TruSeq PCR Primer 2 CAAGCAGAAGACGGCATACGAGAT were used in PCR amplification. After PCR, DNA was purified with AMPure XP beads and eluted in 30 µl of 10 mM Tris-Acetate (pH 8.0). Equal amounts of amplicon from 6 independently digested genomic DNA were pool together and were size-selected using 2% agarose E-Gel SizeSelect (Life Technologies). For sequencing, DNA fragments were collected at 350 bp and 500 bp, followed by AMPure XP beads purification.
Illumina Sequencing
Two libraries were sequenced separately with 100 base paired-end reads on an Illumina HiSeq 2000 instrument in rapid run mode. For the 350 bp fragments, a total of 3,214,626,588 reads generated from 5 sequencing runs was pooled together to obtain 100× coverage. For the 500 bp fragments, a total of 1,280,576,580 reads generated from 2 sequencing runs was pooled together to obtain 40× coverage. 
Tandem Repeats Identification
We further enhanced the comprehensiveness of the all call set by identifying the tandem repeats (TRs) in HuRef with the Sanger reads. Using massive sequencing reads to detect genomic TRs is known to be challenging -it is limited by the available read length, as well as the optimization of the current standard mapping tools towards small indels. We applied a computational method using high-throughput sequencing data for initial identification of TRs, and filtered the results with two whole assembly comparison methods. We chose VNTRseek [10] as the initial detector. Unlike other tools focusing on small TRs with motif size less than 6 nucleotide (nt), VNTRseek can cover motif sizes up to several hundred nt. The tool basically identifies TRs in the reads and the reference genome respectively, and performs comparison between the two sets to identify variations. Because of the sparse Sanger read distribution in some genomic regions, we relaxed the parameter to allow discovering TRs from regions with 1X coverage. At the same time this relaxation may introduce lots of false positives into the results therefore we should carefully filter them out. For validation, we first used Tandem Repeat Finder (TRF) [11] to identify TRs in the HuRef assembly, extended their coordinates for 100bps on each side, and lifted the results to Hg19 using NCBI's Genome Remapping Service (http://www.ncbi.nlm.nih.gov/genome/tools/remap). We defined anything that can be lifted over with coverage between 0.9 and 1.1 to be considered as non-variant, so anything in the VNTRseek results overlapping with this set is potentially a false positive. As a second validation, we identified TRs in the Hg19 again using TRF, extended 100bps from each side, and blat them against HuRef assembly to see whether there are perfect or almost perfect hits, which can be used as a second filter to identify potential false positives in the VNTRseek results. For effective validation, we compared the results from the two filtration methods, and took the intersection as confirmation to filter false positives from the VNTRseek results (Figure 4) .
In total we identified 95,852 TRs using the method described above. We successfully identified the previously found uVNTR (upstream variable number of tandem repeats) in HuRef's MAOA gene [1] . As a negative control, we confirmed in our results there is no expansion of the polymorphic trinucleotide (CAG)n repeat in the HTT gene which is involved in Huntington disease. 
